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EXPERIMENTAL STUDY COF FOAM-INSULATED LIQUEFIED-GAS TANKS

By Thaine W. Reynolds and Solomon Weiss

SUMMARY

Experiments with liquid nitrogen and liguid hydrogen in Styrofoam-
ins ted tanks have indicated good sgreement between measured and cal-
culated heat-leak rates when the insulation was formed from a single block
of material. In a large tank installation where the insulation was ap-
plled in sections without sealing the Joints, the measured heat leak was

about 2% times the calculated value.

Measurements of pressure-~rise rate due to heat leak into the tanks
have shown ground storage time without loss of fuel (herein called no-
loss time) of the order of half the theoretical values. Low heat con-
ductivity and insufficlient agitation of the ligquld cause temperature
stratification in the liquid, which prevents it from absorbing its maxi-
mum heat content at any particuler tank pressure. To obtain maximum no-
loss times, it may be necessary to provide stirring for the liguid phaéij:>

Steep tempersture gradients exist in the metal tank wall above the
liquid level. Since the tensile strength is highest at the low tempera-
tures, the tank must be designed for lower stresses than would be per-
missible if the metal were all at liquid temperatures.

Purging the space between the insulation and the tank wall with
helium gas prevented the condensatlon of alr on the tank wall and reduced
the heat-lesk rate.

INTRODUCTION

Recent anslytical studies on airplane performance have Indlcated
that aircraft using liquid hydrogen as fuel can have range and altitude
capabilities superior to those of aircraft using conventional fuels (ref.
1). Hydrogen, besides having high heat of combustion per unit weight and
excellent combustion properties, has high heat-sink potential. Other
analyses (ref. 2) have indicated that low-molecular-weight refrigerated
hydrocarbons mey elsc have performence potentials superior to conventional
fuels.

CANFIDENTIAL
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The use of refrigerated or liguefled gases as fuels requires insulated
fuel tanks for the sircraft in order to store the fuel at low pressures.
Particularly in the case of hydrogen, hecause of its very low liquid den-
sity (4.4 1b/cu £t) and low normal boiling point (-423° F), the weight of-
the tank plus ‘insulation becomes a larger fraction of the fuel weight than
is required for ordinary fuels. The welght wmust be kept to a small frac-
tion of the-fuel weight in order that the theoretical performance advan-
tages may be-realized. Such requirements have led to the consideration
of plastic foam as the insulation material (ref. 3).

The present investigation studied foam-lnsulated tanks experimentally
to determine-whether they are sultable for aircraft use.

As 18 pointed out in the references Just cited, the general prin-
ciple of insulated~fuel-tank design is to apply a sufficient amount of
light-weight foam insulation to the outside of s light-weight fuel tank
to provide a reasonable ground storage time without loss of fuel. The
heat leeking into the fuel would bhe absorbed as sensible heat in the lig-
uid raislng its tempersture and consequently 1lts vapor pressure to the
tank design pressure. The time required for the fuel. vapor pressure to
reach the tank design pressure is commonly referred to as the 'mo-loss
time" of the tank. The amount of insulation would also be sufficient to
limit the rate of vaporization during flight to less than the fuel-flow
rate—to the engines. The fuel vaporized during flight might be burned in
the engine or afterburner, hence no loes in renge would result from fuel
vaporization: A light-weight skin would be placed around the outslde of
the insulation to contain it and to provide a protective covering.

The no-loss time 1s usually computed for the case of a uniform tem-
persture throughout the liquid and gaseous fuel inside the tank (refs. 1
and 3). Any temperature stratification within the tank will result in &
decreased no-loss time. This is one of the problems that was studied
experimentally in the investigeftion reported herein.

When cold liquid is introduced into a tank, the gas in the space
surrounding the tank cools down or condenses and continues to draw outsilde
air into this space 1f the outer Jacket 1s not vacuum tight. One way of
circumventing this problem is to put a noncondenseble gas into the annular
space. With liguid hydrogen as the fuel, helium is the only inert gas
that can be used. Helium, however, has a thermal conductivity about
seven times greater then that of air. If -the gas that is trapped in the
cells of the foam were replaced by helium, the thermal conductivity of
the foam would be increased greatly. However, because of the closed-cell
structure of the foam, it takes some time to replace the enclosed gas, so
that helium gas might be used around the tank without destroying the in-
sulating value -of the foam. After the fuel tank is emptied and the tank
warms up, the helium would be replaced by a low-conductivity gas until
the tank wes ready for use agein. OFf course, evacuating the jacket would

<Lz



4275

."ﬂ

¢B-1 back

L}

NACA RM ES6KOSa Y 3

P

greatly improve the heat-insulating value. However, ii is felt that there
would be difflculty in meklng a large light-weight Jacket completely vac-
um tight.

In this investigation, the heat-lesk rates, no-loss-time character-
istics, and temperature gradlients of two different size fuel tanks were
studied with liquid hydrogen and liquid nitrogen as the fluids. Tests
were carrled out with the outer Jacket enclosing both helium and air
atmospheres.

SYMBOLS
A area, sq ft
A, cross-sectional area of metal tank wall, sq ft
-y log mean of outer and inner éreas of insulation, sgq ft
b  height, ft
bz height of liquid, £t
b, total tank height, £t
cp specific heat of gas at constant pressure, Btu/(1b) (°F)
E, 1lstent heat of vaporization, Btu/1b
h, natural convection film coefficient, Btu/(hr)(°F)(sq £t)
k  thermal conductivity, Btu/(hr)(sq £t)(°F/rt)
q heat flow, Btu
7 temperature, °p

t, mean metal wall temperature, teken as metal wall temperature at point
halfway up nonwetted area, °F

w rate of vaporization of liquid, lb/hr
x thickness of insulation, ft

& outer—wall emissivity

[} gas denslity, lb/cu ft

T  time, hr
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Subscripts:
“n
e sir |
av  average
c conduction
T fuel
g gas §
.
i insulation o
m metal wall
nw nonwetted ares e e e e e
o outside surface
r radiation i}
W wetted area

APPARATUS

Two tank sizes were investigated. One was a small tank of sbout 3-

gallon capacity, the other a nominally 1800-gallon tank. The insulation
used was Styrofoem, which had a density of 1.6 pounds per cubic foot.

The small tank permitted use of & solid plece of lnsulating material

so that results would be relatively independent of the technlique of in-
sulation. The large tank was the first attempt at insulating a more
practical size fuel tank.

Small Tank

Two different tank constructions were used. One was a cylindrical

open-topped shell inserted Into a machined Styrofoam contalner., The
other was a cylindrical steel tank capable of being pressurized, which
was also inserted into the same machined Styrofocsm contailner.

Flgure 1 shows & schematic diagram of the setup with either the

cylindrical tank or the open-topped shell in place. The foam-plestic
contailner was machined from a solld plece of Styrofcam and was cylindrical

(10-in. 0.D. by 6-in. I.D.). A Styrofoam 1lid was also machined to fit

snugly into the top of this cylinder.
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When the open-topped shells were used, a thin metal shell was placed
around the outside of the Styrofoam. The joints around the 1lid and pipe
outlet were sealed with a mastic compound.

When the cylindrical tank was used, the outside of the Styrofoam was
covered with a layer of eluminum foll and two layers of resin-impregnated
Fibergias. The gas bolloff passed through 10 feet of 5/4-inch copper
tubing to a gas meter, thence to the atmosphere. Copper-constantan ther-
mocouples were placed on the inner and on the outer surface of the tank
wall at levels of 1, 4, 7, 10, 13, 16, and 19 Iinches from the botitom of
the tank.

Inner tank shells of 0.030-lnch-thick aluminum and 0.031-inch-thick
stainless steel were used. One test was glso run with no inner shell,
that is, the liquid was directly in contact with the Styrofcam. This
would simulate a scheme of Insulating the fuel tank on the inside. The
insulation was not bonded to the outer wall in this case, however.

When the open-topped shells were used, the entlire space inside the
outer Jacket wes continuous. Any air around the insulation that may have
liguefied in the filllng process would have boiled off through the gas
meter and would be accounted for in the heat-leak measurements.

1800-Gallon Tank

The large tank was a 304 stalnless steel tank 5 feet in diasmeter by
15 feet long including the 2-to-1 elliptical dished heads. Wall thick-
ness of the heads was 1/4 inch and of the cylindrical section, 9/32 inch.
Two 3-inch layers of insulation were placed around the cylindrical portion.
The end sections were also mede in two layers. Thickness of the combined
layers of the end sections was 6 Inches at the center, and the outside
surface was flat. Figure 2 shows the insulation on this tank. A layer
of aluminum foll wes placed over the Styrofoam, and two layers of resin-
impregnated Fibergles were placed over this. Copper-constantan thermo-
couples were placed on the wall, and & copper-constantan procbe extended
into the liquid to within an inch of the bottom of the tank.

PROCEDURE
Small Tenk
Heat-leak messurements were made by passing the boiloff gas from
the liquid aniltrogen or hydrogen through a gas meter. Gas-meter readings
and temperatures were recorded at time intervals until the liquid had

all vaporized. The slope of the curve of gas boiloff agalinst time gave
the rate of boiloff, and this was converted to heat-leak rate through

—— o — o w
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" the latent heat of wvaporization. The liquid level could be determined
elther from the thermocouple readings or through the gas-meter readings
end a previocus calibration of the tank capacity.

Bolloff- runs were made with both helium atmosphere and air atmosphere
around the tank. This was done with both liquid hydrogen and liguid
nitrogen inside the tank.

No-loss-time measurements were made by filling the tank with the
liguefied gas, closing the vent valve, and recording the pressure st var-
ious time intervals with no agitation of the liquid. With liguid nitro-
gen in the small tank, when the pressure had risen to 20 to 25 pounds per
square inch gage, the tank was manually shaken until the pressure dropped
to a minimum value. This was repeated at intervals untll the pressure
would no longer gc below 20 pounds per square inch gage. A single copper-
constantan thermocouple located 1n the center of the tank near the bottom
(fig. 1) was used to record liquid temperature during this process.

1800-Gallon Tank

In the large tank, a single run was made with liguid nitrogen. The
tank was fillled to about the 48-inch level. Gas-meter readings and tenm-
peratures were recorded. After several days, the vent valve was closed
and one pressure-rise rate was recorded. Then the boiloff-rate date were
continued until the nitrogen had all vaporized. Helium at sbout 1 inch
of water preesure above atmospheric was maintained in the jacket at the
start. Since the jacket was not air tight, & small helium flow occurred
during this time. After a couple of days the helium was shut off and
measurements of the boiloff rate were continued.

Only & limited amount of data was taken with liquid hydrogen in
this large tank. Pressure-rise rate and boiloff data were taken for an
initisl liquid level of 10 to 13 inches with a helium atmosphere in the
Jacket.

RESULTS AND DISCUSSION
Heat Leak to Bolloff

Tank wall material. - The nitrogen bolloff-rate curves for the
gbainless steel shell, aluminum shell, and no shell in the small Styrofoam
container are shown in figure 3. The heat-leak rate at any time (or lig-
uid level) is proportional to the slope of the curve at that point. As
can be seen from the slopes of these curves, the heat-leak rate is much
less dependent on liquid level with the aluminum liner than with the
stainless steel liner or with no liner. Some of the heat flowing through

W
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the Insulation gbove the level of the liguid is ¢onducted through the
metal wall to the liquid. Since the thermal conductivity of the aluminum
may be 10 times higher than that of stainless steel at liquid-nitrogen
temperatures, the amount of this heat conducted to the liquid in an
aluminum-walled vessel is much greater.

These bolloff data, converted to hest-leak rate against ligquild level,
are- shown in figure 4. Extrapolation of these curves to a full-tank level
of 21 inches Indicates a total heat leak to a full tank of sbout 128 Btu
per hour. The heat-leak rate calculated for this configuration using a
log mean of the inner and outer areas of 4.64 square feet, an insuletion
thickness of 2 inches, and a mean thermal conductiviity of 0.16 Btu/(hr)
(sq £t)(°F/in.) (fig. 5 at a mean tempersture of -137° F) was

§== 9%%5-(4.64)[46 - (-320}] = 136 Btu/hr

Boiloff of liquid nitrogen from the lerge tank is shown in figure 8.
The beat-lesk rate to bolloff calculated from these date 1s shown 1n fig-
ure 7. Helium gas pressure at about 1 inch of water above atmospheric
pressure was maintalned in the Jacket during filling and for sbout 2 days
after. The Jjacket was not tight, so a very small flow of helium occurred
during this time. The helium supply was then cut off for the remainder
of the test. No noticeable change in vaporization rate occurred when
this was done. Several frost areas appeared on the outglde of the large
tank near the bottom and near Jjoints in the insulation.

The extrapolated heat lesk to a full tank from these data 1s about
7300 Btu per hour. The calculated value besed on a log mean of the inner
and outer areas of 297 square feet, an Insulation thickness of 6 lnches,
and on a mean thermal conductivity of 0.16 Btu/(hr)(sq £t)(°F/in.) is

% = (2'51%(297) [46 - (-320) ] = 2900 Btu/br

The measured heat-lesk raie to the large tank is about 2%'times the

calculated value. This result contrasts sherply with the dats obtalned
with the small tank, which haed the insulation formed from & solld block
of material, and which gave measured and calculated heat-leak rates that
were in good agreement. In addition to the difference in insulatlon
technique, a second factor which may have affected these results 1s the
prior use of this large tank. Before these tests on the large tank were
made, it had been used in a test rig for about 2 months. Durlng much
of this time a helium atmosphere was malntained in the Jacket. It is
apparent from the frosting that some of the increased heat leak in this
case 18 due to gas circulation inside the Jacket through the uncemented
Joints as well as to any increase in conductivity of the insulating

L
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material. The Joints in the insulation were purposely left uncemented to
allow for the large countraction on cooling. To overcome this difficulty
it is possible that with two layers of Iinsulation the inner layer could
be left uncemented to allow for contraection, and the outer layer, which
has a much smaller temperature gradient, could be cemented. This would
cut down on circulation losses.

Also shown on Tigure 7 are two heat-leak curves for liquid hydrogen
in the large tank. These data were calculated from changes in liquid
level a8 determined by the thermocouples; boiloff was not metered as in
the other data. The curves indicate, however, a lower heat leak to boil-
of f with hydrogen than with nitrogen at the low liguid level, the same
result as that of the small-scale tests discussed in the next section.

The relative ortho-para concentrations of the hydrogen used in these
tests were not measured. Although the heat of conversion is high, about
300 Btu per pound, the length of time Involved in any of the tests with -
hydrogen was so short compared to measured rates of conversion in stain-
less steel storage vessels that any heat evolved in ortho-para conversion
should be negligible. -’

Gas atmosphere in Jjacket. - Gas bolloff curves for nitrogen and hydro-
gen in the swall cylindricel tank are shown in figure 8. Calculated heat-
leak rates from these curves are shown in figure 9. Data are shown for
both helium and alr atmospheres in the jJacket. With both liquids, at the
start of these runs alr was still spparently condensing around the outside
of the tenk. Since the Styrofoam was a container in itself, the condensed
alr eventually reached a level in equlllbrium with the fuel level inside.
During the condensation period, the boiloff rate of liquid inside the tank
was consequently high. As the inside liquid level dropped, heat leaking
in through the insulation re-evaporated alyr on the outside of the tank as
well as liquid inside the tank. The heat-leak rate as measured by the
liquid evaporation rate only wes consequently lower at the lower liquid
levels. With a helium etmosphere present, the bolloff rate decreased
steadlly as liquid level dropped.

The presence of the helium atmosphere around the Styrofoam for the
length of time involved in these tests (12 hr or more) did not seem to
increase the heat lesek to the fuel by anything like the retlio of the
thermal conductivities of the gases lnvolved. Comparison of the extrapo-
lated values for niltrogen for a full tank from fligures 4 and 9 shows only
a l9-percent increase in the heat-lesk rate with a hellum atmosphere.

The ratio of the heat leaks to hydrogen and nitrogen with a hellum
atmosphere in the jacket (fig. 9) for a full tank are

(a/®)m, _ 172

= = 1.13 -
(a/*ly, 152

L e9n
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a8 would be expected from the following calculations:

(a/7)g (tg + 423)

_ () (A8)g, (0,14
'(q7¢7'N2 - Z(Athz 0.16) (%, + 320)
Assuming t, = 45° gives

(o/)mp _ 1.12
ZE?erZ T

The heat leak to boiloff dropped more rapldly for hydrogen as liquid
level dropped than for nltrogen. Although this would be expected, since
the thermal conductivity of the steel at liquid-hydrogen temperatures mey
be only about one-fourth that at liguid-nltrogen temperatures, and a
smaller fraction of the heat leak to bolloff comes from above the liguid
through the metal wall, the bolloff rate for hydrogen would not be ex-
pected to drop below that for nltrogen. It is possible that a small
amount of air in the jacket was 1nitially condensed durlng the filling
procedure and that this air is absorbing some of the heat leak at the
low liguid levels.

Pressure bulldup. - Rate of pressure buildup in the tank is of
interest because 1t 1s hoped that one way of maintaining the readlness
of alrcraft fueled with liquefiled gases is to absorb the heat lesk as
sensible heat in the ligquid. The temperature of the ligquid rises and
consequently the vapor pressure alsc rises. Heabt can thus be sbsorbed
until the vapor pressure reaches the tank design pressure. Beyond this
point fuel will be lost by evaporation.

Flgure 10 shows some results of pressure-rise measurements on the
smell and large tanks. In figure 10(a) are shown the results of two runs
with 1iquid nitrogen. Pressure was allowed to build up “to sbout 20 pounds
per square inch gage without any agltation of the ligquid in the tank.

Then the whole tank was agltated by shaking until the pressure reached a
minimum velue. This process was repeated untll the pressure would no
longer drop below 20 pounds per square inch.

It can be seen that without liquid agitation the pressure builds up
much more rapidly, Indicating & nonuniformity in the ligquid temperature.
This 1s demonstrasted In figure 11 by a record of & single thermocouple
located in the body of the liquid. Wher the pressure built up without
agltation, the liguld temperature near this thermocouple did not rise
along the vapor-pressure line. With aglitation, the pressure and tempera-
ture approached the vapor-pressure line. Two runs with contlnuous agita-
tilon show the liquid at this point in equilibrium with the vapor during
the entire process.
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Similar pressure-time curves for hydrogen in the small tank (fig.
10(b)) indicate nonequilibrium in the liquid Ffor this fuel also without
agltation. Pressure-rise dats for hydrogen and nitrogen in the lerge
tank are shown in figure 10(c). Here again nonequilibrium in the liquid
is indicated, since a heat-lesk rate calculated from the pressure-rise
data is much higher than that measured from boiloff data. These data
indicate that we cannot expect to attain the maximum allowable no-losa
time In a fuel tank unless some method of agltation or temperature equal-
ization throughout the liquid is provided.

The use of conducting strips to transfer heat into the body of liguid
in a tank in order to bring the liquid into temperature equilibrium would
not appear to be feaslble for these relatively high heat-leak rate tanks.
For example, a l-square-foot strip of 0.06-inch-thick copper weighs about
2.8 pounds. The heat-flow area 1is 0.005 square foot. Assuming = conduc-
tivity of 800 Btu/(hr) (sq ft)éoF/ft) at liguid-hydrogen temperatures and
a temperature difference of 4 F, the heat that can be conducted through
this strip is 16 Btu per hour, or 5.7 Btu per hour per pound of copper.

In well-insulated vacuum-jacketed storage vessels the use of high-
conductivity strips would be more feaslible, because the heat-leak rate
mey be down to about 20 Btu per hour or less. The heat leak into the
large foam-~insulated tank reported herein was of the order of 7000 Btu
per hour. To conduct this quantity of-heat to s depth of 1 foot in the
liquid would require about 1200 pounds of high-conductivity copper strips.
It would appear, then, that agitation of the liquid will be required to
maintaln equilibrium between the gas pressure and the main body of liquid.

The  extremely high rate of moleculsr motion in the gas phase indi-
cates that no stirring of the gas would be required, only of the liquid.
If the warm layer of liquid at the interface is replaced by & cooler
layer,- the gas will condense on the colder liquid surface and reduce the
pressure in the tank. A calculation of the rate of molecular ccllisions
of gaseous hydrogen at 1 atmosphere pressure and -423° F with a surface
would show that ebout 28 pounds of gas per second per square foot would
reach the surface.

Temperatures

Tank wall. - Temperature gradients in the tank walls for both the
small and large tanks are shown in figure 12. Relatively steep tempera-
ture gradients were present, especially in the stainless steel tanks
(30o F/in. with liquid nitrogen). Although this result accompanied
smeller boiloff losses as liquild level dropped, one asdverse effect 1t
may have is to decrease the allowable stress for which the tank may be
deslgned. As is pointed out in references 1 and 3, the yleld strength of
most metals 1s considerebly higher at liquid-hydrogen temperature than at
room temperature. With a higher temperature at the top of the tank, a

SLev
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lower yleld stress would have to be used in ﬁhé'design unless temperature-
equalizing strips were used. These would in turn add weight and result
in higher bolloff losses.

The steep temperature gradients afford a simple means of determining
the approximate liquid level in the tank.

In the absence of experimental tank-wall-temperature measurementé,
an approximation of the wall-temperature gradient sbove the liquid may be
made from the followlng assumptlions and relations. The assumptions are:

(1) Heat flow through the wetted area of insulation vaporizes liquid.

(2) Beat flow through the nonwetted area of insulation splits into
(2) heat flow down through the metal wall to the liquid, which contributes
toward more vaporization, and (b) sensible heat, which increases the tem-
perature of the gas.

(3) Gas temperature profile and wall temperature profile are essen-
tially the same and are linear from the liquid surface to the top of the
tank.

By use of the following sketch and the list of symbols, the

l X
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following equatlions may be set up:

Anw

ki
= EF'Anw(to - tp)
From assumption (2),

Qpw at

= = kmAm(as)m + wep(tg - te)

From assumption (3), tm = (tg + tf)/2; therefore,

ac) _tg-tr_ ftm - tr
@ ) T - by by - by
n

Equation (2) becomes

Gy km Am

- tp) + mp(tm - tg)

Setting equation (1) equal to equation (4) and rearranging give

to - tw DPg - by T Cp

T - B kiAnw
But,
-t X 2k A
?ﬂ+ ( i) —,{;-Aw(to-tf)+5-—:r(tm-tf)
v = b/ t -~ Py
H, By,

Substituting equation (6) into equation (5} ylelds

ke kmAm

=

(2)

(3)

(4)

(5)

(6)

c
ty - by E;_:ﬁgg * ES[%V Aw(t j tf) Ty - by by (t ) tf{] (7)

Ty - te

“;{ -

SlLe¥
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For a thin wall of low-conductivity material such as stainless steel, the
term in equation (8) containing k, 1s small in comparison to the other
term, and the equation can be approximated by

to - tm - ZCP Aw

- b H Ay (to - te) Fg)

In figure 13 are compared some experlimentally measured values of
t, with those calculated from equations (8) and (S). Several calculated
curves for different values of metal thermel conductlvity are shown for
the small tank using liquid nitrogen. The temperatures measured in the
aluminum liner fall nearest the curve for kp = 90 Btu/(hr)(sq £t)(°F/rt).
For the stainless steel tank, the curve calculated for k, = 0 (eq. (9))
1s a reasonsble approximstion.

Outer-surface temperatures. - A comparison of the calculated and
measured outer-surface temperatures is shown in figure 14 for liguid
nitrogen In the smell tank. As polnted out in reference 2, the outer-
wall temperature was calculated by equating the heat flow to the surface
by radiation and natursl convection tc that through the insulation by
conduction as in the equation

q ki _ ty, + 460\* [t + 460\*
=5 E(tg - tg) = hohAy(bg - t5) + 0.173e AN\ ———] -\ 355,
L J L ] [ ]
e T 2"
Q3 % Ar

Two outer-wall materlials were used, a2luminum and stainless steel,
with estlmated emlssivities near 0.06 and 0.6, respectively. Comparisons
of the measured and calculated values show good agreement.

CONCLUSIONS

Experiments to date with Styrofoam-Iinsulated fuel tanks have indi-
cated that the theoretical heat-leak rates can be attained if the method
of installation prevents circulatlon of the ges inside the Jjacket. When
the insulation was machined from & solld block of material and no joints
were present, the measured and calculated bolloff losses were in good
agreement. In a large tank installstion when the ineulation weas applied
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in sectlons wilthout seeling the Jjoints, the measured heat loss was sbout
2% times the calculated value. It is probasble that in an installation of

this type the Joints of the inner layer of insulation could be left un-
sealed to allow for contraction, and the outer leyer could be sealed to
prevent circulation and thus cut down the heat loss. Tempersture greadi-
ents in the outer layer would probably be small enough so that contraction
in these layers would not cause splitting of the insulation.

Measurements on pressure buildup rate have indicated that in most
cases equilibrium of the liquid and vapor phases in the tank does not
exist, and pressure builds up more rapidly than it would if the liquid
phase were agltated. In order to attaln maximum no-loss time (i.e.,
ground storage time without lose of fuel) through absorption of heat lesk
into the tank as sensible heat in the liquid phase, some means of equal-
izing temperature throughout the liquid phase must be provided.

Considersble temperature gradients exist in the metal tank shell
above the liquid. Since the meial strengths are highest at low tempera-
ture, the tank must be designed for lower yield stresses than the metal
would have at the temperature of the fuel.

CONCLUDING REMARKS

Consldering the temperature gredients existing in the tank wall,
especially at low liquild levels, it might be of interest to compute the
Tuel-tank welght based on the lower allowable yleld stress existing at
the higher temperatures. Gradients of nearly 300° F were measured with
the large tank. A thinner walled vessel might show even greater tempera-
ture variations, so that the sefest assumption would be to base yield
strength on aumbient temperature. For hardened 301 stainless steel the
yield strength might be 20 percent lower at normsl amblent temperatures
than at liquid-hydrogen temperstures. This would mean that the tank
welght would increase by nearly 20 percent over that of a tank designed
for liquid-hydrogen temperatures.

Perhaps a more lmportent consideration 1s the decrease in no-loss
time due to temperature straetification in the liquid, since it appears
that insulation thickness might most generally be dictated by the no-loss-
time requirements rather than by fuel vaporization in flight. Data pre-
sented herein indicate that no-loss times of the order of hslf the theo-
retical values were obtalned without agitation of the liquid. It is
doubtful that sufficient heat conductivity could be attained by the use
of high-conductivity temperature-equalizing strips without adding so many

sLey
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as to greatly increase the welght of the tank. "It appears thet some
means of aglitating the liquid will be required. This is a problem that
needs further investigation.

+

Lewls Flight Propulsion Leboratory
Netional Advisory Committee for Aeronautics
Cleveland, Ohioc, November 8, 1956
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